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While there is considerable interest in transforming even aged stands into species-diverse, irregular structures, the rarity of stands close to the end of the transformation process has resulted in a lack of knowledge on optimum target structures that are considered sustainable. This study examined this problem in a mixed-species selection stand that has undergone transformation for over 60 years. Complete inventories of a one hectare permanent sample plot were carried out in 2015 and previously in 2009, 2003 and 1997. The diameter distribution remained relatively static with the q factor remaining at 1.4 since the 2009 inventory. An improvement in number of regenerating seedlings and saplings available for recruitment from previous inventories suggests that the current structure is relatively stable although shade tolerating conifers are gradually dominating the stand. Not all the sustainability criteria were met; however, the stand could be described as having reached a balanced condition. It is recommended that the current stocking density and basal area (~350 stems ha-1 and 26-27 m2ha-1 respectively) should be maintained and that future harvesting interventions should aim to reduce the number of large diameter stems (>55 cm DBH), which represent 14% of the stocking but 48% of the stand basal area.
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Introduction
Improving the sustainability of forests has become a key feature of international forest policy. One direction that this has taken is through the transformation of predominately even-aged stands into uneven-aged, mixed-species structures. Maintaining structural diversity at the level of the stand is seen as highly advantageous through the delivery of a wide range of management objectives including enhancing biodiversity (O’Hara, 1998) and increasing resilience to potential climate change (Lafond et al., 2014; Hanewinkel et al., 2014). In Scotland, where plantation forests dominate the forest cover, research on transformations has primarily focused on determining stand suitability and the early interventions required to start the process (e.g. Mason and Kerr, 2004); however, there has been limited study into the later stages of the transformation process where stands have acquired structural diversity mainly due to the rarity of example stands. In particular, it is unclear at what stage stands have reached a state that could be defined as sustainable. The concept of a ‘balanced’ or ‘equilibrium’ state in irregular forest stands has long been recognised (Meyer, 1943; Smith, 1962; Bormann and Likens, 1974; Schütz, 2001), yet it has never been easy to define. Most commentators suggest that a balanced or sustainable irregular stand should have a relatively stable diameter distribution, increment, basal area, stocking density and species composition between harvesting interventions, and that regeneration in the understorey and recruitment into the canopy of the appropriate species is adequate to maintain the canopy structure (e.g. Zingg et al., 1997; O’Hara et al., 2007). In reality, stand development in balanced irregular forests tends to oscillate around some ideal characterisation of the growing stock, which itself may shift with changing circumstances, but a common factor is recognised in that the underlying association between stem diameters and tree numbers follows a monotonically decreasing function (Wehenkel et al., 2011).
‘Successful’ irregular stands, in addition to achieving a desired level of structural heterogeneity, must also provide favourable light and microclimate conditions to ensure adequate regeneration and recruitment of the target species in the correct proportions to maintain stand structure following cutting interventions (O’Hara, 2001). Achieving a balance between recruitment into and removals from the canopy in selection forests remains notoriously difficult to achieve and maintain effectively (Buongiorno, 2001). This problem has been studied over a 24 year period in a rare example of a mixed-species stand located in Faskally Forest, Perthshire, Scotland that has undergone transformation for over 60 years and has been managed under the selection system for the last 25 years. Recurrent inventories at six-year intervals have been made on a one hectare permanent sample plot established in 1997. Results from subsequent inventories in 2003 and 2009 suggested that while the stand had many of the features of the irregular condition, such as an all-aged, all-sized appearance, it had not reached a balanced state based on the criteria set out above (Cameron, 2007; Cameron and Hands, 2010). The main problem identified was the lack of sufficient regeneration and recruitment into the canopy to maintain the negative exponential diameter structure, and reductions in the canopy basal area were made following the 2003 and 2009 inventories in an attempt to rectify this. The previous inventories also observed a change in the species mix within the regeneration pool over time with a shift towards shade tolerating species. The aim of this study is to determine whether the stand has achieved an irregular condition that could be described as sustainable or balanced in terms of stand structure, stocking density, increment, species composition, regeneration and recruitment. Options for future management of the stand are discussed.
Materials and methods
Study site
The study site is located in relatively sheltered nearly level area within Faskally Forest, Perthshire, Scotland (56°42'39.4"N 3°45'45.5"W). The area is characterised by brown earth and ironpan soils overlying Dalradian mica schists. Mean annual precipitation is 900 mm in a relatively sheltered area although is prone to frosts. The transformation was started in 1953 in a 55 hectare (later reduced to 25 hectares) planted mixture of Norway spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.), European larch (Larix decidua Mill.), Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) and European beech (Fagus sylvatica L.) dating from the early part of the 20th century. The original aim was to complete the transformation in 60 years. The early stages of the transformation involved group planting of Douglas fir, Norway spruce, western hemlock (Tsuga heterophylla (Raf.) Sarg.), European beech, Scots pine, European larch, and silver birch (Betula pendula Roth) with the objective of diversifying stand structure and species composition. The area was subsequently managed under the selection system over the last third of the transformation period. A one hectare permanent sample plot was set up in 1997 to study the later stages of the transformation and successive inventories were carried out at six-year intervals in 2003, 2009 and in 2015. Further details of the management history of this site can be found in Cameron (2007) and Cameron and Hands (2010). The last harvesting intervention occurred in 2010 following the 2009 inventory with a light cut of around 20-30m3ha-1 (c.f. 100-120 m3ha-1 after the 2003 inventory). A harvesting intervention is scheduled to take place after 2015 inventory. Fourteen trees (5 Norway spruce, 4 Douglas fir, 3 European larch and 2 Scots pine) were blown down within the permanent sample plot in a recent storm. 
Sampling methodology and measurements
The species and diameters at breast height (DBH) (diameter at 1.3 m) of all canopy trees (≥8 cm DBH) and saplings (3-7 cm DBH) were recorded within the permanent sample plot. Stand increment was determined from cores removed from the outer 30 mm from the bark from 30 randomly selected trees within the sample plot. An estimate of current annual increment (C.A.I.)(%) of basal area was determined through measurement of the number of annual tree rings in the outer 25 mm and calculated using Schneider’s formula (Philip, 1994):
				[Equation 1]
where I = percent current annual increment of basal area, DBH = diameter at breast height (1.3 m) (cm) and n = number of rings in the outer 25 mm of the sample core.
Sixty 2 x 2 m randomly located sub-plots were set out within the one hectare permanent sample plot. A 10 m buffer zone was established from the boundaries of the permanent plot in order to prevent the influence of edge effects. Seedlings (≥0.1 m tall, <3 cm DBH) were recorded within each sub-plot. Measurements were made on number, species and height of seedlings. Species were rated by their shade tolerance based on Savill (1991). Basal area was measured at the centre of each sub-plot using a prism relascope with tally factor 2 and an average stand value calculated (Philip, 1994). Canopy openness was also determined at the centre of each sub-plot using a Nikon Coolpix digital camera with a fisheye lens placed on a levelling tripod 1.5 m from ground level. 
Data analysis
A diameter distribution of the canopy trees was developed using 5 cm DBH classes, e.g. 10 cm DBH class (range 8-12cm), 15 cm DBH class (range 13-17cm) and so on. The average diminution quotient q for the population was calculated by dividing the number of trees in each diameter class by the number of trees in the next higher diameter class. The diameter distribution, number of trees by species, basal area, q values and increment were compared with results from previous inventories. The level of occupancy of the canopy trees was determined using basal area (m2ha-1) since this measure correlates well with crown dominance (Philip 1994). Associations among the measured parameters were carried out using Pearson correlations.

Transition periods (i.e. the average period in years required for all the trees in one diameter class to move into the next higher diameter class) were calculated from the increment cores for each diameter class. Given the relatively small number of increment cores available (restricted by the requirement to repeat the removal of cores within the same small population of trees), only limited interpretation of these data is possible. The transition period for each DBH class was calculated using the formula: 
 			[Equation 2]			
where T10 = transition period for the 10 cm DBH class in years, DBHul = upper limit of 10 cm diameter class, Nrings = number of rings per 25 mm core. 
Annual recruitment into the 10 cm DBH class was calculated using the formula:
				[Equation 3]
Where: R10 = annual recruitment into the 10 cm DBH class (number trees ha-1), N5 = number of trees in the 5 cm DBH class (3-7 cm diameter range, i.e. ‘saplings’), N10 = number of trees in the 10 cm DBH class (8-12 cm diameter range), T10 = transition time in the 10 cm DBH class (years). 
Results
Canopy structure and species composition




The combined number of seedlings and saplings increased considerably since the 2009 inventory (Table 3). Numbers of seedlings, particularly of more shade tolerating species (Douglas fir, Norway spruce, western hemlock, beech and rowan), are high relative to the number of saplings suggesting a high attrition rate of seedlings. Nevertheless, there are around three times more saplings (5 cm DBH class) than trees in the 10 cm diameter class (Figure 2) suggesting that further losses are acceptable without compromising the stand structure. A high proportion of species being recruited into the canopy are shade or semi-shade tolerant (93% and 77% in the 5 and 10 cm DBH classes respectively), whereas an average of just over 50% of shade or semi-shade tolerant species are present in the 15 to 30 cm DBH classes (Figure 2). The shade tolerating conifers dominate the mid to large DBH classes (≥ 35 cm DBH class). 
TABLES 3&4
FIG 2
High losses are apparent among seedlings with less than ten percent reaching a height greater than two metres (Figure 3). The decline in basal area and increase in canopy openness since the 2009 inventory (Table 4) correspond with the reduction in the number of canopy trees between inventories. There were no significant correlations between basal area, canopy openness and number of seedlings per plot (r<0.29). 
FIG 3
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The selection stand at Faskally Forest has several characteristics that suggest that it is close to a sustainable or balanced state. When compared with the 2009 inventory, the overall shape of the diameter distribution in 2015 has not changed greatly (the average q value remaining at 1.4) and this is seen as one indicator of stand sustainability (Meyer, 1952). A small reduction in the stocking density of the canopy trees has taken place since the previous inventory, in part influenced by 14 trees (combined basal area of 2.6 m2ha-1) within the permanent sample plot blown down in 2014. The number of seedlings (≥0.1 m height, <3 cm DBH) and saplings (3-7 cm DBH) continues to rise since the first inventory in 1997 and with an increase in 2015 of over 60% since 2009 (Table 3). 
Regeneration and recruitment
While losses among seedlings are very high—data in Table 3 suggesting that only around 3% are progressing into the sapling category—this is frequently observed in naturally regenerating stands mainly as a consequence of competition for light and browsing (Oliver and Larson, 1996), with the greatest losses occurring in the first few years after germination (Čavlović et al., 2006). Nevertheless, sufficient seedlings appear to be surviving into the sapling category and, even with significant losses among saplings, an adequate number appears to be available for recruitment into the lowest canopy DBH class (10 cm DBH) to maintain the current stand structure. Similar observations have been made in selection forests elsewhere in Europe (e.g. Duc, 1991; Bachofen, 2009). A relatively large number of small trees within the 3-12 cm DBH range (in this study N=278 trees ha-1) is required to provide an adequate source of individuals for recruitment into the canopy to maintain a stable stand density and is seen as a critical factor in determining the sustainability of irregular stands (Schütz and Pommerening, 2013). Čavlović (1999) found that an annual recruitment rate of at least ten trees per hectare is required to maintain a ‘stable balance’ of the selection structure of silver fir (Abies alba Mill.) stands. Although the forest type at Faskally is very different, annual recruitment into the 10 cm DBH class was similar at 11 trees per hectare (Table 5). Another feature of stable irregular structures is the requirement for a steady progression of trees moving up the diameter classes, and this determined by transition times (average period in years required for all the trees in one diameter class to move into the next higher diameter class). In established selection stands, transition times tend to decline (i.e. trees grow faster) with increasing tree size because young trees emerge from a partially shaded environment into the higher canopy where more light is available (Smith et al., 1997). Initial observations of transition times at Faskally suggest that these are highly variable between DBH classes (Table 5); however, when the data for the shade tolerating species (forming nearly three quarters of all trees in the stand) are viewed separately, a downward trend is observed (Figure 4). The pattern for the light demanding species is very erratic and indicates that passage through the canopy is not smooth. Overall stand increment has varied between inventories (Table 1), but values are still comparable with figures of ~1-3% obtained from selection stands elsewhere in Europe (e.g. Čavlović et al., 2006; O’Hara et al., 2007; O’Hara, 2014). 
Species composition
While Douglas fir, Norway spruce, European larch, Scots pine and silver birch are the most numerous species (Table 1), a measure of canopy occupancy based on basal area (Philip 1994) indicates that Douglas fir, Norway spruce and Scots pine dominate the stand (Table 2). Although light demanding larch and silver birch currently have relatively high stocking densities, they are gradually being supressed through competition with the result that the remaining stems are of small size. Scots pine is also being gradually dominated by the faster-growing shade tolerating species. The light-demanding species are mainly located in the 15 -30 cm DBH classes (Figure 2) and their current very slow growth suggests that few will move into the higher classes that are increasingly dominated by the faster-growing shade tolerating conifers. The difference in growth rate between shade tolerating Douglas fir and Norway spruce and light demanding Scots pine and European larch (mean transition periods 6.4 years and 10.2 years respectively) highlights the competitive edge of the shade tolerating species. It is the capacity of intermediate and shade tolerant conifers to recover apical growth following release together with their less dominant crown projection area that makes them the most viable components in an irregular stand (O’Hara, 2014). In addition, the complete dominance of shade tolerating species in the 5 cm (saplings) and 10 cm DBH classes suggests that in time the light demanding species will be largely excluded from the canopy assuming that the current stand stocking density remains more-or-less the same. This pattern of dominance by shade bearing species has been observed in other irregular forest structures (Boncina et al., 2014; O’Hara, 2014) with comparable diameter distributions and basal area values noted in the current study (Čavlović et al., 2006; Schütz and Pommerening, 2013). This reflects the biological processes of forest succession that result in the gradual decline of incompatible species as mature stems die or are removed and insufficient growing stock is available to replace them (Christensen, 2014). While beech is shade tolerant and appears to be regenerating well in the understorey (Table 3), few stems are progressing into the canopy and those that do have poor stem form and course branching with little prospect of quality timber production. Čavlović et al. (2006) also noted that in irregular fir-beech forests in Croatia, beech regenerates well yet a relatively small proportion form part of the main growing stock. Beech is considered by some to be less suited to selection stands due to its decurrent growth (large spreading crowns) and the restricted space available for canopy development as a result of inter-tree competition (Schütz, 2001). Functioning selection forests with broadleaved species, even with shade tolerant beech, are not very common for this reason (Schütz, 2002).
Canopy openness and basal area
Current mean stand basal area and canopy openness of 26 m2ha-1 and 43.7% respectively at Faskally compare well with values of 27 m2ha-1 basal area and 30-40% of full light conditions found in other studies said to indicate a sustainable stand density required for regeneration of intermediate and shade tolerant species (Mailly and Kimmins, 1997; Drever and Lertzman, 2003’ Schütz and Pommerening, 2013). Also important is the basal area range, which at Faskally is 17-38 m2ha-1 and covers the critical basal areas required for successful regeneration all the species within the stand (Hale, 2004, Cameron and Hands, 2010). It has been suggested that 18-20 m2ha-1 marks the critical point at which regeneration is inhibited by undergrowth vegetation (Ralston et al., 2004), which is at the lowest end of the basal area range observed at Faskally. The weak associations between basal area, canopy openness and number of seedlings within the sub-plots are predictable, in part due to the ability of shade tolerating seedlings and saplings to grow underneath mature stems making more efficient use of growing space (Smith et al., 1997) and the effect of a delayed response to improved light conditions (Duc, 1991; Bachofen, 2009). While regeneration niches associated with localised areas of low basal area may initially encourage germination and early growth of light demanding species, the light levels appear to be insufficient to maintain growth into the sapling category (Table 3) and progress into the canopy (Figure 2). Attempting to reduce the stocking density further with the aim of maintaining light demanding species within the canopy may result in destabilisation with resulting homogenisation of stand structure (Smith et al., 1997; Schütz, 2001). 
Future management
Future management of the selection stand at Faskally Forest depends on what characteristics are used to define the balanced irregular state. O’Hara et al. (2007) pointed out that there is no single factor that defines the sustainable irregular condition, and that several different balanced stand structures may be possible, which in turn continue to evolve as a function of adaptive management. The current stocking density at Faskally seems to support adequate regeneration and recruitment into the canopy and this should be maintained for the foreseeable future. While a shift towards shade tolerating species appears to be inevitable if the current approach to silviculture is maintained, there is no reason to suggest that this change will be any less sustainable. Nevertheless, the denser canopies of the shade tolerating species are likely to impact on the below canopy light environment. Sufficient below canopy light is necessary to encourage regeneration and recruitment of semi-shade tolerant species such as Douglas fir. Unlike western hemlock, which can regenerate and survive in low light environments, Douglas fir does not normally regenerate under its own canopy (Mailly and Kimmins, 1997) suggesting that ‘light’ areas will need to be continually provided. The next harvesting intervention will be important. While the diameter distribution approximates a negative exponential relationship, there is an apparent ‘excess’ of stems in the 45, 55 and 65 cm DBH classes if comparing it with an ideal association (Figure 2). It would be simplistic, however, to focus the cut in these classes in an attempt to ‘smooth’ the negative exponential stem number/diameter relationship. O’Hara and Gersonde (2004) pointed out that successful ‘plenter’ or selection forests tend not to follow a precise negative exponential relationship defined by the q factor and instead often exhibit a steep decline in stem numbers in the small diameter classes before levelling off through the mid to large classes. They suggest that controlling the size of the growing stock, set around some preferred equilibrium level, is more important in these forests than the negative exponential relationship. Instead of attempting to remove a few relatively small irregularities in the diameter distribution, the next harvesting intervention at Faskally should focus on the reducing the number of large diameter (>55 cm DBH) trees. Although they comprise only 14% of the stocking, they represent 48% of the stand basal area. In order to optimise volume production and efficient use of growing space in irregular stands it is desirable to focus on the development of pole stage trees that exhibit more vigorous growth (Sterba and Zingg, 2001). Pole stage trees are more sensitive to shading than younger trees, and since shade influences stem slenderness, more slender stems are at greater risk of abiotic damage (Schütz, 2002). Concentrating the cut on the large diameter stems, focusing the slow-growing Scots pine and European larch that are not regenerating well or being recruited efficiently under the reduced light conditions of the understorey, would allow sapling and particularly pole stage trees of the shade tolerating species more space to develop. Not only would this increase volume increment and improve stem stability, it would have the additional benefit of increasing the carbon sequestration potential of the stand (Mason and Perks, 2011). Retaining a few large individual stems of around 1-5 stems ha-1 (29 trees >55 cm DBH at Faskally) is possible and indeed is a characteristic of silver fir plenter forests (Nyland, 1996). Cutting interventions should also focus on releasing good quality stems in the mid diameter classes and on species such as Norway spruce that tends to persist for relatively for limited periods in a state of suppression (O’Hara, 2014). Other intermediate shade tolerant species that should be encouraged into the canopy are western hemlock and Sitka spruce since both species possess many desirable traits when grown in mixed species irregular stands (Cameron and Mason, 2013). The overall aim should be to maintain a stocking density of say around 350 stems ha-1 and basal area of 26-27 m2ha-1 unless there are good silvicultural reasons for change.
Although the sustainability of irregular stands is usually viewed in terms of structure, species composition and increment, it also suggests a permanence indicating resilience to damage. An interesting observation of the 14 trees blown down within the permanent sample plot is that they were uniformly spread across the diameter classes (18-92 cm DBH) and not concentrated on the larger trees that would be expected to be impacted more than small trees (e.g. Mitchell, 2013). As a result, the stem number/diameter distribution was not greatly affected. Dominant trees in irregular stands emerge earlier and develop deeper canopies than dominants in regular stands and are exposed to bigger wind loads due to greater crown size and over longer periods of time resulting in greater stability (Mason, 2002). High levels of wind damage were observed in even-aged stands in forests neighbouring the Faskally selection stand as a result the same storm (M Brazendale pers. comm.). Although comparisons of this type are highly subjective, it nevertheless supports a growing body of opinion that irregular stand structures seem to be more resilient to abiotic damage than even-aged stands (Hanewinkel et al., 2014).
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Table 1: Number of canopy trees (≥ 8 cm DBH) by species, stand basal area, q value and current annual increment (CAI) of basal area (%) recorded within the one hectare permanent sample plot in 1997, 2003, 2009 and 2015. 













Total number of trees ha-1	666	504	384	337
Basal area (m2ha-1)	32	27	28	26
q value	1.6	1.5	1.4	1.4
CAI of basal area (%)	1.48	2.24	1.49	1.90























Table 3: Number of seedlings (≥0.1 m tall, <3cm DBH) and saplings (3-7 cm DBH) by species (estimated from the sub-plots) within the one hectare permanent sample plot in 1997, 2003, 2009 and 2015. Seedlings and saplings are shown separately in the 2015 inventory. S = shade intolerant, I = intermediate tolerance, L = light demanding.

















* Values derived from the inventory of the one hectare permanent sample plot.

Table 4: Sample plot means and value ranges for basal area, canopy openness and number of seedlings and saplings for the 2009 and 2015 inventories. Standard errors are in parentheses.
	Year of inventory	Basal area (m2ha-1)	Canopy openness (%)	Number of seedlings/saplings 
Mean	2015	26 (0.6)	43.7 (1.58)	2.8 (0.38)





Table 5 Transition periods and annual recruitment by diameter class. 

















Figure 1 Diameter distributions of canopy trees (≥8 cm DBH) recorded in the one hectare permanent sample plot in 1997, 2003, 2009 and 2015.
Figure 2 Diameter distribution of the canopy trees (DBH classes ≥10 cm) and saplings (5 cm DBH class) recorded in the 2015 inventory showing the proportion of shade and intermediate-shade tolerant conifers (Pseudotsuga menziesii, Picea abies, Tsuga heterophylla, Picea sitchensis, Abies grandis, Abies procera, ) and broadleafs (Fagus sylvatica, Sorbus aucuparia, Acer pseudoplatanus), and light demanding conifers (Larix decidua, Pinus sylvestris) and broadleafs (Betula pendula). 
Figure 3 Height (m) of seedlings (≥0.1 m height, <3cm DBH) of all species recorded within the one hectare permanent sample plot.
Figure 4 Transition periods by diameter class for Douglas fir/Norway spruce and Scots pine/Norway spruce.















Figure 4 Transition periods by diameter class for Douglas fir/Norway spruce and Scots pine/Norway spruce.



